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Abstract

In this work, a series of mesoporous alumina materials exhibiting high surface areas have been synthesized, characterized and used in the
preparation of CO, sorbents. The mesostructured powders were prepared through a soft chemistry route, employing aluminum tri-sec-butoxide-
derived sol precursors in the presence of different surfactants. Structural and microstructural characterization techniques showed that y-Al,O5
powders were composed of nanocrystals, and the samples presented high surface area values (238.6-496.7 m”> g~ ') produced by a high
mesostructured order, depending on the surfactant used as structure-directing agent.

Based on the textural features, selected y-Al,O5; materials were employed as supports for the preparation of potassium-based sorbents for CO,
capture at low temperatures (30-80 °C). Potassium-loaded alumina supports were synthesized by a wet impregnation method, and the CO,
sorption tests were conducted via thermogravimetric analysis. The surface area and pore volume of the potassium-impregnated supports
experienced a noticeable reduction, in comparison with the original values, suggesting the inclusion of potassium inside the support porosity.
Nevertheless, the sorbents showed excellent reactivity; in fact, the potassium/y-Al,O3 sorbent prepared with 40 wt% potassium content had a
maximum CO, capture capacity of 4.03 mmol CO,/g sorbent at the relatively low temperature of 80 °C in the presence of water vapor. These
results suggest that both the potassium content and textural properties of mesostructured y-Al,O5 supports could provide an enhancement of the
CO, absorption properties.
© 2014 Elsevier Ltd and Techna Group S.r.I. All rights reserved.

Keywords: CO, capture; Potassium carbonate; Solid sorbent

1. Introduction the current environmental issues of global warming, there is a
growing interest in the development of new technologies for
Due to the direct connection between the emissions of  the control and gradual mitigation of these types of pollutant
anthropogenic greenhouse gases, such as carbon dioxide, and  emissions [1-3]. A good example of this is the intense research
focused on the study of solid sorbents for the chemical
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for CO, capture [12]. Depending on the properties of the materials,
the solid sorbents are able to selectively trap CO, within a wide
range of temperatures and CO, concentrations; because of the
adsorption/desorption capability, there is the additional option for
the subsequent catalytic chemical conversion of CO, into value-
added products [13].

Regarding K,COs-based solid sorbents, reported studies
suggest that these materials could be applied to chemically
capture CO, at low absorption temperatures ranging from room
temperature to 90 °C, with thermal regeneration at temperatures
of 150—400 °C during multiple cycles [14—17]. Thanks to such
regeneration characteristics, these particular solid sorbents are
an attractive option, compared with other low temperature
sorbents, such as aqueous solutions of NaOH, KOH and CaOH
that involve multi-stage and energy-intensive processes in the
regeneration step [17-20].

The CO, capture process using K,COs-based sorbents under
moist conditions involves the reactions of carbonation and
regeneration, as follows [14,21]:

Carbonation: KyCO3)+ COyg)+Hy0(g) — 2KHCO3() +Heat (A)

AHgg -c=— 143 kJ mol ~ !
Regeneration: 2KHCO3(S) g K2CO3(S) + COz(g) + HzO(g) (B)

The formation of intermediate potassium-containing species
in the presence of water vapor at temperatures between 50 and
70 °C has also been reported, and they are subsequently prone
to react with CO, as follows:

Hydration: K,COj3(5)+ 1.5H;0(g)— K,CO3 - 1.5H,0 ©)

Carbonation: K2C03 . I.SHQO(S) + COz(g) - 2KHCO3
)T 0.5H,0, +Heat (D)

AHgo -c=—44 kI mol !

Energy consumption could be reduced if the heat released
during carbonation reactions and its possible use during the
regeneration stage is taken into consideration [21].

Several studies regarding the design of K,COj; and other
alkaline-based sorbents have shown the crucial role that the
sorbent support plays in both the absorption and regeneration
stages [22-25]. For instance, depending on the nature of the
supports, the active phase (K,COj3) could be homogeneously
dispersed on the support surface, resulting in a significant
increase in reactivity during absorption; therefore, a conse-
quent increase in the final absorption kinetics. In addition,
some studies have shown that reactivity between the active
phase and the support must be avoided. Soo Chool Lee et al.
[25,29] studied the CO, absorption properties of different
K,COj3-based sorbents prepared by using several porous
materials as supports, such as activated carbon, TiO,, MgO,
Al,O5 and SiO,, as well as some zeolite-type materials. They
successfully performed both the CO, absorption and regenera-
tion processes in the presence of water vapor. The best results
in terms of net sorption capacity and regeneration at low
temperatures were observed in the cases of activated carbon
and TiO,. On the other hand, the results showed that when

other supports such as MgO were used, the capture capacity
decreased after only two cycles. The authors concluded that the
reason for this behavior was the formation of certain thermally
stable reaction products other than KHCO;, which were not
completely reconverted to the original active phase of K,COj3
at a low temperature. Based on the above, several other
supports, such as Al,Ojz;, Y,0;, ZrO, and mesostructured
silica, among others, have been developed to improve the
absorption/regeneration performance of K,COs-based solid
sorbents [26-29].

Another interesting option for the development of CO, sorbents
with improved capture properties is the use of mesoporous
materials as supports [30]. Various amine-based sorbents showing
high CO, sorption capacities at low temperatures have recently
been obtained by the incorporation of organic amines into
mesoporous supports, such as SBA, MCM and other mesostruc-
tured silica-based materials [31-33], a silica aerogel [34] and
mesoporous carbonaceous materials [35,36].

It is important to mention that despite the substantial
progress made in research on CO, capture by using dry
regenerable solid sorbents, clear limitations and challenges
for optimizing the CO, absorption performance of these types
of materials still exist, especially if the absorption is to be used
for large-scale implementation [3]. In this sense, efforts must
be directed at obtaining absorbents for CO, capture purposes
that exhibit the following properties: (1) high absorp-
tion capacity and selectivity, (2) high uptake rate, (3) easy
regeneration and (4) high stability [37,38]. These improve-
ments can be attained via physical (microstructural) or
chemical modification of the sorbent properties though the
use of different experimental approaches [39].

In our work, we propose the fabrication and potential
application of a series of K,COs-based sorbents suppor-
ted on mesoporous alumina materials for CO, capture at a
low temperature. It is assumed that the chemical and thermal
stability of the support, in combination with its textural
properties, could improve the capture properties of these
potassium-based sorbents.

2. Experimental procedure
2.1. Preparation of y-Al,Oj3 sorbent supports

A series of five mesoporous alumina supports were prepared
via the polymeric sol-gel method with surfactant templates.
First, a solution of aluminum tri-sec-butoxide (Al(OC4Hy)s,
97% Aldrich) in 1-Butanol (CH3(CH,);OH 99.8% Aldrich)
with a 1:1 ratio in volume was used as an organic sol
precursor. This aluminum solution source was then mixed by
stirring it together with the required amount of an aqueous
solution of the corresponding surfactant. Four different surfac-
tants were used as templates: cetyltrimethylammonium bro-
mide (CTAB, > 99% Sigma-Aldrich), sodium dodecyl sulfate
(SDS, >98.5% Sigma-Aldrich), Pluronic® F-127 and poly-
ethylene glycol sorbitan monolaurate (Tween® 20). In all of
the above cases, the surfactant solutions were prepared with a
1:9 surfactant to water ratio by weight. Another sample was
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also prepared without any surfactant addition and was used for
comparison purposes.

The resulting sol solution was gelled for 6 h and underwent
solvent evaporation at 100 °C in air for 24 h. During these
stages, the micellar arrays of the different surfactant templates
were self-assembled and the inorganic hydrolyzed precursor
polymerized into a metal oxide network. Finally, the as-made
samples were calcined at 500 °C for 1 h with a heating rate of
1°Cmin~". Based on the surfactant used, the prepared
mesostructured alumina samples were labeled as A, A-CTAB,
A-SDS, A-Pluronic and A-Tween.

2.2. Preparation of potassium/y-Al,O3z solid sorbents

Potassium-based solid sorbents were obtained via a wet
impregnation method. In brief, the different sorbents were
prepared by loading 0.30 g of the mesostructured y-Al,O3
(A-Tween sample) with the desired amount of potassium, i.e.,
10, 20 or 40 wt%, using 1.0 mL of a KOH aqueous solution
with a concentration of 0.95, 2.13 or 5.68 M, respectively. The
excess water in the sample was removed in a convection oven
by slow evaporation at 80 °C for 24 h. The dried sorbents were
then stored in a desiccator until undergoing characterization
and CO, capture capacity evaluation. The sorbent samples
prepared with the different potassium loadings were denoted as
A-Tween-10K, A-Tween-20K and A-Tween-40K, in which xK
was the weight percentage of the potassium loaded in the
sorbent, and A-Tween represented the same support material
for all of the cases. Additionally, the A-20K sorbent was
prepared by the impregnation of the A support. This sorbent
was also tested for comparison purposes.

2.3. Characterization of the solid sorbents

Characterization of the textural properties of both the
mesostructured supports and the sorbents was performed
through N, sorption measurements using a Belsorp-mini II
analyzer from BEL Japan. The samples were degassed at 80 °C
under vacuum for 24 h. The specific surface area (SSAggt)
values were obtained from the N, adsorption isotherms, using
the BET model. The pore volume was calculated on the basis
of the amount of adsorbed N, after finishing pore condensation
at a relative pressure of P/Py=0.995. Pore size distribution
was determined by the BJH method using the desorption
curves.

Structural and microstructural characterization was per-
formed using powder X-ray diffraction and electron micro-
scopy techniques. XRD patterns of both sorbent supports and
impregnated sorbents were collected through the use of a
Bruker AXS D8 Advance diffractometer; additionally a low
angle XRD technique was used to characterize the ordering
degree of the mesoporous array of the supports. In this case,
the XRD patterns were collected using a Siemens D5000
diffractometer equipped with Co Ka radiation (A=1.789 A).
Scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy analyses were performed

with a JEOL JSM-6400 microscope and a PHILIPS TECHNAI
200 microscope, respectively.

2.4. CO; capture evaluation

The CO, sorption capacity was evaluated by thermogravi-
metric analysis using a TA Instruments Q5000SA thermo-
balance. In this series of experiments, the sorption tests were
performed at temperatures varying from 40 to 80 °C and
relative humidity values ranging from O to 80% RH. In all of
the cases, sorption tests were performed under a 100% CO,
atmosphere and a temperature heating rate of 1.0 °C min ™',

from 30 °C to the target temperature.
3. Results and discussion

3.1. Structural, microstructural and physiochemical
characterization of supports and impregnated sorbents

The different supports calcined at 500 °C were characterized
using XRD, and the results showed the crystalline nature of the
support. Fig. 1 shows the XRD pattern of the A-Tween
sample. The crystalline y-Al,O; phase was identified. A
diffraction profile can be observed that exhibits broad peaks,
suggesting a small crystallite size. All of the reflections
correspond to the y-alumina phase; according to JCPDS card
No. 01-079-1558. In addition, the low angle XRD pattern
revealed that a certain degree of ordering of the porous
structure was obtained. In fact, it is well known that the
surfactant template technique offers the possibility of synthe-
sizing ordered mesoporous materials. In this sense, the
appearance of the reflections at 20 < 5° indicated that a certain
degree of mesoscopic order was obtained (Fig. 1b).

Transition aluminas obtained by thermal treatment of sol—
gel precursors at temperatures between 300 and 600 °C may
include vy, 0 and 5-Al,O5; metastable phases [40], and depend-
ing on the starting precursor, y-Al,O; could be present in
cubic, as well as in distorted tetragonal phases [41]. Based on
the above findings, further characterization was conducted on a
selected A-Tween support by TEM analysis. Fig. 2 shows the
high resolution TEM image of the sample. Fig. 2a shows
several nanocrystalline domains as straightforward evidence of
the crystallinity of the sample, and the nanocrystal in Fig. 2a
was indexed; Fig. 2b and ¢ show the obtained TEM diffraction
pattern and the high-resolution image, respectively. The
recorder electron diffraction pattern had clear diffractions
spots, which corroborated the fact that the observed particles
were single crystals. Additionally, powder supports were
identified as y-alumina with the face-centered cubic phase.
According to the JCPDS card number 01-07-1558, the inter-
lattice distances were calculated as follows: d(3 1 1)=2.29 A,
d400)=1.99 A, d(620)=1.26 A and d(4 4 0)=2.38 A.

All of the synthesized alumina supports, except the A-SDS
support, showed high surface area values and pore size in the
mesoporous range. Table 1 shows the textural characteristics
of the different samples after thermal treatment at 500 °C. The
highest surface area value of 496.7 m*> g~ ' corresponded to the
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Fig. 1. X-ray diffraction patterns of the A-Tween alumina sample: (a) powder
XRD pattern and (b) low angle XRD pattern showing the incipient ordered
mesostructure.

A-Tween support and it is evident that only the A-SDS sample
exposed a lower surface area value than the sample obtained
without using a surfactant template.

Fig. 3 shows the N, adsorption/desorption isotherms of the
different alumina supports. According to the IUPAC classification
[42], samples A, A-Pluronic (Fig. 3a) and A-Tween (Fig. 3b)
presented type IV isotherms, which are attributed to mesoporous
materials. Isotherms present the characteristic plateau at high P/P,,
that indicates pore filling. These isotherms also show certain
differences in the shape of their hysteresis loops, which are
correlated with the occurrence of pore condensation, and therefore
with the textural features. In contrast to A and A-Pluronic that
exhibited H2 hysteresis, the A-Tween support showed an Hl-type
loop. Once again, based on the IUPAC classification, it is widely
accepted that the HI loop corresponds to mesoporous materials
with certain well-defined cylindrical-like pores; this is not the case
in H2 hysteresis, in which the distribution of pore size and shape is
not well-defined [42]. On the other hand, the A-CTAB (Fig. 3a)
and A-SDS (Fig. 3c) supports presented less common sorption

type Il isotherms. Hysteresis loops were type H3, and non-stepwise
adsorption was observed and interpreted as a result of the presence
of slit-like pores.

Fig. 3d shows the estimated pore sizes of the different
supports for comparative purposes. As mentioned before, all
samples generally presented pore sizes in the mesoporosity
range (Table 1). The biggest pore sizes were obtained when the
A-Tween surfactant was used. These textural characteristics
are important for support applications from the viewpoint that
they promote fast mass transport. The differences regarding
pore sizes are in accordance with the lengths of the carbon
chains of the surfactant templates used; actually, Tween and
SDS molecules have the longest and shortest carbon chains,
respectively. Additionally, it can be concluded that the low
pore volumes and small surface area values observed in the
case of the A-SDS supports results because of the collapse of
the small mesoporous microstructure due to shrinkage experi-
enced by the gel precursors during calcination.

All of these results suggest the superior textural properties of
the A-Tween material when used as the support in sorbent
preparation. In fact, these materials were impregnated with
different amounts of potassium as the active phase of the
sorbent. Table 2 shows the textural features of the different
impregnated sorbents. Specific surface area values were
estimated by the N, adsorption measurements and calculated
by applying the BET model. The surface area decreased
significantly after impregnation; these noticeable changes in
the microstructural features suggest the inclusion of potassium
inside the support porosity, which may also result in pore
volume filling. In other words, these results suggest the correct
incorporation of the potassium active phase in the support, a
fact that was confirmed by the EDS microanalysis. Table 2
shows the elemental potassium content on the impregnated
sorbents. The obtained potassium loading differed from the
nominal values. This suggests that not all of the impregnated
potassium remains on the support, but that a certain amount of
the active phase is in some way leached out from the support
during the sorbent preparation. Regarding these results, it is
also important to keep in mind the limitations of the single spot
mode microanalysis conducted by the EDS technique. Due to
the above, the sorption capacity must be estimated based on
the experimentally observed potassium contents.

Prior to CO, capture evaluation, the morphology and
crystalline phase composition of the prepared sorbents were
also characterized by the XRD and SEM techniques. Fig. 4
shows the SEM images of both the bare support and the
impregnated samples. The powder supports were made out of
submicrometric and spheroidal-like aggregates of nanometric
particles, forming an interconnected porous microstructure
(Fig. 4a). After impregnation, the powders exhibited larger
sizes than the bare supports; the sorbents were actually
aggregates of several microns and showed a dense and smooth
surface (Fig. 4b and c). These results were in accordance with
the surface area values obtained (Table 2).

Generally speaking, XRD analysis of impregnated sorbents
showed the presence of both K,CO; and K,COj;-1.5H,0
supported on the 7y-Al,Os; both crystalline phases were
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Fig. 2. HRTEM image of A-Tween support showing: (a) the nano-crystalline domains and (b) the characteristic single crystal diffraction pattern.

Table 1
Textural properties of the different mesoporous alumina supports.

Sample SSAggt Total pore volume" Mean pore diameter’
(m*g~" (em’g™") (nm)

A 238.6 0.38 241

A- 496.7 1.06 7.98

Tween

A- 300.0 0.72 2.41

Pluronic

A-CTAB 310.3 0.81 1.22

A-SDS 7.5 0.02 2.74

“Total pore volume based on N, adsorption and P/Py=0.975.
"Mean pore diameter calculation based on desorption isotherms and the
BJH model.

identified in the JCPDS database. For example, Fig. 5 shows
the XRD pattern of the A-Tween-40K sorbent. These results
suggest that CO, capture can subsequently take place through
reactions (A) and (D). It is suggested that the formation of the
K,CO;-1.5H,0 active phase was promoted due to the
presence of well-distributed KOH in the support, which is
prone to react in the presence of atmospheric CO, during the
slow drying at a relatively low temperature. Derevschikov
et al. [17] also observed that this crystalline phase was
obtained by using KOH as a precursor.

3.2. Reactivity and CO,~H,0 capture capacity of supports
and solid sorbents

First, to elucidate any possible reaction between the supports
or impregnated absorbents with water vapor, the series of
prepared materials were exposed to different conditions of
relative humidity within the range of 0 to 80% and a constant
temperature of 60 °C using N, as the carrier gas. Fig. 6 shows
the water vapor adsorption/desorption isotherms, which were

generated as a function of the relative humidity (RH%). All of
these adsorption isotherms show weight increases (in the
adsorption stage) ranging from approximately 10.1 wt%, in
the case of the A-Tween-10K sample, to approximately
73.7 wt%, registered for the A-Tween-40K sample. After that,
during the desorption stage, sorption hysteresis was observed;
however, in the case of the A-Tween and A-Tween-10K
samples, the hysteresis loops tended to practically close,
indicating that a reversible process took place and the weight
increases observed during the adsorption stage were only due
to physisorbed water condensation. On the other hand, despite
the fact that the A-Tween-20K and A-Tween-40K samples
showed similar behavior during desorption, the hysteresis
loops did not close any further; therefore, a final mass gain
of 5.1 and 8.4 wt% for samples A-Tween-20K and A-Tween-
40K, respectively, was registered. This fact was attributed to
the formation of the more hydrated carbonate species of
K,CO;5-1.5H,0 from the K,COj; present in the untreated
sorbent, as well as the presence of chemisorbed water due to
the enhancement of the hydrophilic properties of the sorbent as
a result of the presence of higher amounts of carbonate in the
samples.

CO, sorption tests in the presence of water vapor were
conducted at different RH% values and at temperatures of 60
and 80 °C. When sorbents were exposed to these temperatures
and gas mixtures, a different behavior was observed during
desorption, in comparison to the results observed when N,—
H,O mixtures were used.

Fig. 7 shows the CO,—water vapor adsorption/desorption
isotherms, which were generated as a function of the relative
humidity (0-80 RH %), at a temperature of 80 °C and using
of pure CO, as the carrier gas. After the desorption stage, or in
other words, when the system reached 0 RH%, a remarkable mass
gain was observed. These results were attributed to the forma-
tion of KHCOs(), according to reactions (A) and (B), and thus to
carbonation. The absorption results that show the maximum mass
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Fig. 3. (a)—(c) N, physisorption isotherms of supports prepared with different surfactants and (d) pore size distributions of the series of alumina supports. Pore sizes

were estimated based on N, desorption isotherm applying the BJH method.

Table 2
Specific surface area values and chemical microanalysis of the series of

sorbents prepared on A and A-Tween supports.

Sample SSAger (m? g’l) K content (%wt) EDS analysis
A-20K 2.8 16.12
A-Tween 496.7 0.00
A-Tween-10K 127.9 4.47
A-Tween-20K 6.6 14.04
A-Tween-40K 0.22 29.01

gained after desorption are summarized in Table 3. The results
presented in this table also reveal the effect of temperature. The
total weight gain after desorption exhibited by the sorbents was
higher in all of the cases when the sorption was performed at
80 °C, compared with that observed at 60 °C.

Based on the results, it is clear that the mass gain was
proportional to the active phase loading present in the sorbents,
as well as to temperature. Therefore, to verify that the mesos-
tructured alumina support could provide additional advantages for

enhancing CO, absorption via an effective dispersion of potassium
phases, the alumina support prepared with no surfactant added was
also impregnated and tested as a CO, absorbent for comparison
purposes.

Fig. 8 shows the CO,—water vapor isotherms of the A-20K
and A-Tween-20K samples, which were generated at 80 °C as a
function of the relative humidity (RH%). The adsorption isotherms
show the same primary adsorption/desorption behavior discussed
before; however, it is clear that despite these two samples having
almost the same potassium content (Table 2), the A-Tween-20K
sample, or in other words, the sorbent prepared by using the high
surface area support, exhibited a greater mass gain after desorption
than the maximum mass gain observed for the A-20K sorbent. In
fact, the final uptake difference was approximately 26% between
these two samples. The results thus suggest that besides the
potassium loading in the absorbent, which significantly affected the
properties of CO, capture, the porosity of the support and other
variables, such as temperature and the presence of moisture, also
had a remarkable effect on the CO, capture properties of the
resultant absorbents.
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Fig. 4. SEM images of the A-Tween alumina support, A-Tween-20K and
micrograph of A-Tween-40K sorbent.

Finally, it is important to mention that a deeper under-
standing of the effect of sorbent support on the uptake rate, as
well as its performance during subsequent absorption-
regeneration cycles, would lead to improvements in the CO,
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Fig. 6. Isotherms of water adsorption/desorption at different relative humidity
conditions under N, flow and temperature of 60 °C.
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Fig. 7. Isotherms of CO,—water adsorption/desorption at different relative
humidity conditions under pure CO, flow and a temperature of 80 °C.
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Table 3
Weight changes during CO,—H,O sorption for the different samples.

Sample Total weight gain after desorption

(Wt%)

Nz—HzO COz—Hzo Maximum COZ

atmosphere  atmosphere sorption

(mmol g~ H?

(60 °C) (60 °C) 80 °C) (80 °C)
A-Tween 0.5 2 2 -
A-Tween-10K 0.5 3 5 0.80
A-Tween-20K 5.1 9 16 2.58
A-Tween-40K 8.4 21 25 4.03

“Based on the observed weight change.

130
128
126 +
124
122 +
120 +
118
116 +
114
112 +
110 +
108 +
106 +
104
102
100 +

A-Tween-40K

High Surface area ¥-ALO, Support

A-40K

Weight Change ( % wt)

Low surface area y-Al,O, support

prepared with no surfactant

0 10 20 30 40 50 60 70 80 90
Relative Humidity (%)

Fig. 8. Isotherms of CO,—water adsorption/desorption of A-20K and A-Tween
20K sorbents obtained at different relative humidity conditions under pure CO,
flow and a temperature of 80 °C.

sorption capacity on these promising materials. Therefore,
further studies regarding these sorbent properties will be
conducted in future research.

4. Conclusions

Different mesoporous alumina materials were synthesized
via the surfactant template method and then characterized
structurally and microstructurally by different techniques. As it
could be expected, samples presented high surface areas, as
high as 496.7 m* g~ '. Thus, they were successfully used as
supports for the preparation of K,COj3-based solid sorbents for
the CO, capture.

Although the samples evidenced an important surface area and
pore volume reduction after potassium impregnation, the sorbents
showed excellent reactivity in the presence of CO,—water vapor
mixtures in the temperatures range of 60 to 80 °C. Results
suggest that not only potassium loading but also temperature,
moisture and the textural properties of mesostructured y-Al,O3
supports have an effect on the absorption capacity of the sorbents.
Additionally, as it could be expected, a better dispersion of

potassium active phases on the supports results in an enhance-
ment of the CO, absorption process.
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